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2009; Foest et al., 2007; Fujiyama, 2000; Hytry et al., 1993 Hytry et al., , 1994 Prat et al., 2000; Wang et al., 2008; Yoshiki et al., 2006; Yoshiki & Mitsui, 2008; Yoshiki & Saito, 2008) . Mostly microwave or RF driven ICP, CCP and jet based microplasma or magnetron plasma sources were used for their studies. Generally, in several methods used for coating films on inner surface of tubes, precursors are decomposed in the confined electrode region where the plasma is active, chemically active species are transported inside a tube and film coating is carried out by gas flow. In this case, because of polymerization and recombination reactions during the transport process, the nature of chemically active species (constituent of polymer film) is different at different places along the axis of the tube. This phenomenon could reduce the film uniformity along the axis of the tube. Our strategy for film coating on inner surface of tubes is to generate long plasma filaments inside the tube in a gas containing a precursor as an admixture (Pothiraja et al., 2010) . The plasma filament, which will be thinner than the diameter of the tube to be coated, will be active for long distance in the region of film coating. This plasma filament can ionize and/or dissociate precursor molecules. Using this method, chemically active species can be generated everywhere along the axis of the tube within close vicinity of inner surface of the tube. In this way, differences in the nature of depositing chemically active species at different places along the axis of the tube can be reduced and films with better uniformity can be deposited. In addition to this, film deposition is supported by ion fluxes, which results the formation of high quality film.
In this regard, pulsed filamentary plasma source has been constructed, and long plasma filaments (longer than 100 mm) are generated inside the tube in the presence of methane or acetylene as a precursor. Using this, carbon based film is coated on inner surface of tubes and deposited film has been characterized using various surface analysis techniques. Understanding film properties on the basis of chemical kinetics of precursor dissociation, other gas phase and inter-phase reactions is very important. Hence chemical kinetics of these reactions is simulated. Since plasma parameters (electron density, electron velocity distribution function (EVDF)) play very important role in these reactions, they have been determined using emission spectroscopy, current-voltage measurement, microphotography and numerical simulation. In this chapter, we describe 1. Reaction schemes considered in our model for the determination of plasma parameters, 2. Influence of plasma parameters on chemical kinetics of precursor dissociation and other gas phase reactions involved in the film growth processes, and 3. Effect of plasma chemical reaction kinetics and nature of precursor on film properties and film growth rates.
Experiments and model
Configuration of plasma source used for film coating on inner surface of tubes is discussed below. Following this, methodology used for the determination of plasma parameters, rate constants and high probable plasma chemical reactions are discussed.
Experimental setup
Our plasma source consists of a cylindrical tungsten driven electrode with a diameter of 1.6 mm. One end of this electrode is sharpened (spike) to a cone angle of 30 o , while the other end of the electrode is connected to a high voltage generator (Redline Technologies G2000). The output voltage and the pulse frequency of this generator can be controlled and varied from 0-20 kV and from 4-500 kHz, respectively. Each high voltage pulse exhibits a sequential profile with damped oscillations. A tube made of quartz with the inner diameter www.intechopen.com Plasma-Chemical Kinetics of Film Deposition in Argon-Methane and Argon-Acetylene Mixtures Under Atmospheric Pressure Conditions 229 of 6 mm, is used in order to test the feasibility of film deposition as well as to characterize the plasma ignited in this setup. Tungsten driven electrode is placed coaxially inside this tube (figure 1). A copper tube (length, 10 mm) is used as a movable grounded electrode, which is placed coaxially on the outer surface of the quartz tube. For all the experiments reported in this chapter, the grounded electrode is fixed at 140 mm away from the spike of the driven electrode.
Fig. 1. Schematic view of experimental setup
We have used methane as well as acetylene as precursors. In both cases, we performed two sets of experiments. First set of experiments were carried out in argon and precursor mixture (Ar, 2400 sccm; CH 4 , 3 sccm or C 2 H 2 , 2 sccm) to deposit carbon based film on inner surface of a quartz tube. Films deposited at this condition are characterized using various surface analysis techniques. Second set of experiments were carried out with argon, precursor and nitrogen gas mixture (Ar, 2400 sccm; CH 4 (or C 2 H 2 ), 1 sccm; N 2 , 2.5 sccm) for plasma characterization. Emissions of nitrogen molecules and nitrogen molecular ions are used for the determination of plasma parameters. Plasma parameters determined at this condition are considered to be the same as the plasma parameters during the film deposition process in the first set of experiments. The effect of absence of nitrogen on plasma parameters is balanced by increasing the precursor quantity. This fact (balancing of plasma parameters) is confirmed from the similar simulated EVDFs for both sets of experiments (with/without nitrogen). It is also confirmed by measuring argon emission spectra at various places along the axis of the tube in both cases. Argon emission intensities are very close to each other in both cases, and also have the similar trend along the axis of the tube.
Relatively and absolutely calibrated echelle spectrometer (ESA 3000) is used to obtain the emission spectra in a spectral range of 200 to 800 nm (Bibinov et al., 2007) . Spectral resolution of the echelle spectrometer amounts to Δλ = 0.015 nm at λ = 200 nm and Δλ = 0.060 nm at λ = 800 nm. A Pearson current monitor (model, 6585; output, 1 V = 1 A) is used for plasma current measurement, which is mounted around a cable connecting the generator and the tungsten electrode. The output of the current monitor is connected to an oscilloscope (LeCroy Wave Runner 204MXi-A). Discharge duration is determined from the current profile. The actual voltage applied for plasma generation is measured by connecting the output of the generator to the oscilloscope through a capacitive voltage divider with the dividing factor of 2000. The pulse frequency of applied voltage is fixed as 22 kHz for all the experiments. For the plasma volume determination, a high speed sensitive CCD camera (PCO sensicam qe) is used. The spatial resolution of CCD camera amounts to 2 m for an objective used with this camera.
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Model
For diagnostics purposes, nitrogen is admixed with argon and precursor mixture. Plasma parameters are determined from the emission of neutral nitrogen molecules and molecular nitrogen ions. Our model used to obtain the information about gas temperature, plasma parameters and rate constants, from these emissions, are discussed below.
Plasma gas temperature
Gas temperature in active plasma volume is one of the important parameters, because of its influence on gas density in plasma as well as on the rate constants of chemical reactions. The rotational temperature of diatomic molecules is considered as the gas temperature, since the rotational and the translational degrees of freedom have equal temperatures because of very fast rotational relaxation at atmospheric pressure. For the determination of gas temperature, the rotational intensity distribution in the emission of neutral nitrogen molecule N 2 (C 3  u , '=0  B 3  g , ''=0) (abbreviated as N 2 (C-B, 0-0)) is used. The emission spectrum is measured perpendicular to the axis of the filament. Since the spectral resolution of our echelle spectrometer is not high enough to determine the intensities of the separate rotational lines in the emission spectrum of neutral nitrogen molecules, the rotational temperature is determined by a fitting procedure. For this purpose, we calculate the intensity distribution in the emission of N 2 (C-B, 0-0) ( = 337.1 nm) for different values of rotational temperature and spectral resolution used in the experiments, applying the program code developed for this purpose . By comparing the measured emission spectrum with the calculated spectra for various rotational temperatures, we determine the actual rotational temperature of nitrogen molecule with an inaccuracy of ±30 K.
When high concentration of the precursor is used, there is an overlap in the emission of N 2 (C-B, 0-0) with the emission of NH radical at some places along the axis of the tube (filament). Hence, in this case, the rotational intensity distribution in the emission of CN radical, CN(B 2  + , '=0  X 2  + , ''=0) (CN(B-X, 0-0)) is used for the determination of gas temperature. In this case also, the rotational temperature is determined by the fitting procedure. In this regard, we simulate the intensity distribution in the emission of CN(B-X, 0-0) ( = 388.3 nm) for different values of rotational temperature using the program LIFBASE (Luque & Crosley, 1999) . The rotational temperature of CN radical is determined with an inaccuracy of ±30 K.
Under our experimental condition, molecular emissions N 2 (C-B) and CN(B-X) are excited by electron impact as well as by collisions with argon metastable atoms (Nguyen & Sadeghi, 1983; Belikov et al., 1988) . This effect can influence the rotational spectrum of nitrogen, and has been considered in the model. The angular momentum of heavy nucleus of diatomic molecules changes slightly by electron impact excitation. Therefore rotational distribution in molecular state excited by electron impact is equal to that in ground state, that means corresponds to the gas temperature. By excitation due to argon metastables, the rotational distributions in the excited states N 2 (C) and CN(B) can be very different from rotational distributions at gas temperature. It can be approximately described by equilibrium distribution with temperature of about 2000K (Nguyen & Sadeghi, 1983; Belikov et al., 1988) . Rotational distribution in measured emission spectrum is formed by initially excited distribution and competition of spontaneous emission, rotational relaxation and quenching www.intechopen.com
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process by collisions with surrounding argon atoms. To study the influence of this factor on the reliability of measured gas temperature, we simulate the emission spectrum of N 2 (C-B) for our experimental conditions with assumption that all "second positive system" in nitrogen emission spectrum is excited by collisions with argon metastables. To simulate the rotational relaxation, we use the rate constants determined in theoretical and experimental studies of rotational relaxation of nitrogen molecules in ground state by collisions with surrounding argon atoms (Belikov et al., 1988) . The measured rotational distribution in N 2 (C) excited during collisions with argon metastables (Nguyen & Sadeghi, 1983) , and rate constant for quenching of N 2 (C-B) emission in argon (Polak-Dingels & Djeu, 1983) are used for this simulation. After simulation of N 2 (C-B) emission spectrum, we determine the rotational temperature using Boltzmann plot and estimate the deviation of determined value from the gas temperature assumed for our simulation. For our experimental conditions, this difference amounts to about 1% (e.g. 8 K at gas temperature of 800 K), which is much lower than the inaccuracy of  30 K of our fitting procedure.
The CN molecules are produced in Ar/N 2 /C 2 H 2 or Ar/N 2 /CH 4 mixture through a multistep reaction. The exact mechanism of formation and the rotational distribution of CN(B) state is not known in the literature. Therefore the rotational relaxation could not be simulated. However, because of the equal rotational temperatures of emission of N 2 (C-B) and CN(B-X) determined at the same experimental conditions (see figure 2 ) and very fast relaxation of CN(B) in argon observed at low pressure conditions (Duewer et al., 1972) , we conclude that CN(B)-molecule reach equilibrium rotational distribution before emitting of the photons. Hence, the influence of high rotational distribution after CN formation as well as excitation by collisions with argon metastables on the gas temperature determination by using CN molecular emission is also negligible. 
Electron velocity distribution functions and rate constants
Electrons are the origin of most of the chemical reactions happening at atmospheric pressure plasma based processes; hence, their energy distribution plays an important role in plasma chemical reactions. The electron velocity distribution function (EVDF) in our system is determined on the basis of the emission of nitrogen molecule (equations 1-13). For this
Since the threshold energy for the excitation of N 2 (X) to N 2 + (B) by electron impact is different from the same for N 2 (X) to N 2 (C), the relative intensity of N( BX ) 2
depending on the EVDF. On this basis, EVDF is determined using measured N( BX ) 2
For this purpose, we considered the following plasma chemical reactions (equations 1-9) for the determination of intensity of nitrogen emission (equations 10, 11). during collision with argon (for N 2 (C) 8.00x10 -13 cm 3 ·s -1 (Polak-Dingels & Djeu, 1983) ; for N 2 + (B) 2.00x10 -10 cm 3 ·s -1 (Tellinghuisen et al., 1972) ); met e qAr k (2.00x10 -7 cm 3 ·s -1 (Ivanov & Makasyuk, 1990) ), met 2Ar qAr k (1.20x10 -32 cm 6 ·s -1 ), 2 met N qAr k (3.50x10 -11 cm 3 ·s -1 (Kolts et al., 1977) ) and met Prec qAr k (5.50x10 -10 cm 3 ·s -1 and 5.60x10 -10 cm 3 ·s -1 (Velazco et al., 1978) ) -rate constants for quenching of argon metastable during collision with electron, argon, nitrogen and precursors (methane and acetylene), respectively;
A -Einstein coefficient for spontaneous emission (2.38x10 7 s -1 for N 2 (C-B) (Pancheshnyi et al., 2000) ; 1.52x10 7 s −1 for N 2 + (B-X) (Dilecce et al., 2010) ); B1 -branching factor for (3) (value = 0.787) (Zhiglinski, 1994) ; B2 -branching factor for N 2 (C-B, 0-0) transition by emission from N 2 (C,0) (value = 0.5) (Laux & Kruger, 1992) ; n e -electron density (cm -3 );
[Ar] -density of argon (cm -3 ); [N 2 ] -density of nitrogen (cm -3 );
[Prec] -density of methane or acetylene (cm -3 ); V p -observed volume of plasma (cm 3 ); g f -geometrical factor relating the part of photons reaching the entrance hole of the optical fiber in the spectrometer; t f -value of fraction of time, in which plasma is active.
The equations (10-13) are derived on the basis that the population of N 2 + (B) from the ground state ion N 2 + (X) is negligible compared to the one from N 2 (X). This is because the concentration of N 2 + (X) is negligible compared to the concentration of N 2 (X) in the cases we studied. For the generation of N 2 (C), only direct electron impact excitation from the ground state of nitrogen molecule N 2 (X) and the excitation during collision with argon metastable are considered (Kolts et al., 1977; Sadeghi et al., 1981 Sadeghi et al., , 1989 Touzeau & Pagnon, 1978) . Other possible mechanism of generation of N 2 (C) by 'pooling' reactions of two metastables N 2 (A) (Herron, 1999) is negligible because of relatively low density of metastables N 2 (A). Quenching of N 2 (C) and N 2 + (B) by argon is considered (Polak-Dingels & Djeu, 1983; Tellinghuisen et al., 1972; Touzeau & Pagnon, 1978) . However, quenching of N 2 (C) and N 2 + (B) by nitrogen and precursor is neglected because of low concentration of these admixtures (Legrand et al., 2001) . The EVDF is simulated for our experimental conditions (gas composition, gas temperature, pressure, etc.) by numerical solution of the Boltzmann equation and varied electric field applying the program code "EEDF" developed by Napartovich et al (Stefanovic et al., 2001) . In this simulation, "local" approximation is applied, which is valid for atmospheric pressure. This EVDF is normalized to fulfill the equation (14):
By using this normalized EVDF and the known collisional cross section  exc (cm 2 ) for electron impact excitation of nitrogen emission (Itikawa, 2006) , we calculate the rate constants k (cm 3 ·s −1 ) for electron impact excitation of N 2 (C-B, 0-0) and N 2 + (B-X, 0-0) emissions by using the equation (15):
where m e is the mass of electron (g), E is the kinetic energy of electrons (eV) and C = 1.602 × 10 −12 erg·eV −1 .
From these calculated rate constants and the quenching factors (Q in equation 12), values of ratio of intensities of nitrogen emissions (using equation 11) are calculated for various EVDFs. By comparing the calculated values of ratio of emission intensities with measured one, the actual EVDF and its corresponding reduced electric field are determined.
Electron density
Electron density (n e in cm -3 ) is determined by using the equation (16) , the geometrical factor for the fraction of photons produced in plasma volume reaching the optical fiber (g f ), the plasma volume (V p in cm 3 ), and value of fraction of time in which plasma is active (t f ).
All measurements with our emission spectrometer are space and time averaged. However, plasma parameters during the discharge are spatially and temporally non-uniform (Veldhuizen et al., 2009) . In order to find out the influence of this non-uniformity of the plasma parameters on the reliability of measurements obtained using our spectrometer, we have simulated the total emission spectrum of two plasma regions of equal volume observed simultaneously by our spectrometer. Very different plasma conditions are assumed for these two regions. The composition of gas mixture corresponding to the methane system is used for the simulations. By using the total emission spectrum of nitrogen simulated for these two regions with different plasma parameters, the average plasma parameters are calculated for our optical emission spectroscopic (OES) diagnostics.
By using these averaged plasma parameters, the rate of methane dissociation is calculated. This value is compared with the value of the rate of methane dissociation calculated for these two regions.
For this purpose, the reduced electric field of 300 Td is assumed for the first region while 3000 Td for the second region. Electron density values are assumed as 4.62 x10 11 and 5.00 x10 11 (in cm -3 ) for the first and the second regions, respectively. In these plasma conditions, the intensity of N 2 (C-B, 0-0), which is used for electron density determination, is equal in both regions. On this basis, we have calculated total intensities of emission of nitrogen for the combination of these two regions, in the way our spectrometer would have observed. From these calculated values of intensities, the averaged values of electric field and electron density are calculated as 1800 Td and 3.91 x10 11 cm -3 , respectively. The ultimate aim for determination of the plasma parameters is to obtain the dissociation rate of precursor molecule. Hence, by using these averaged values of electron density and the reduced electric field, the rate of methane dissociation is calculated for this combined region. In a similar way, the dissociation rate of methane is calculated for these two regions separately on the basis of the emission spectra simulated for a spatially resolved measurement. The sum of these two values obtained for the spatially resolved measurement, is compared with the value of methane dissociation rate for the combined region calculated using the averaged plasma parameters for the spatially averaged measurement. In this case, there is less than 4% deviation in the rate of methane dissociation in using averaged plasma parameters.
We did similar calculation by assuming very different electron density values for these two regions, as 7.96 x10 13 cm -3 and 5.00 x10 11 cm -3 for the first (E/N, 300 Td) and the second (E/N, 3000 Td) regions, respectively. For these values of electron density and the electric field, the intensity of N 2 + (B-X, 0-0) for these two regions is equal. In this case, there is 8% deviation in the value of rate of methane dissociation by using spatially averaged plasma parameters.
The low time resolution in OES diagnostics causes an error in electron density determination because of the error in the time factor. The inverse of the same time factor is used for determination of the rate of hydrocarbon dissociation from electron density. Hence, the error in the time factor during electron density determination will be canceled during determination of the rate of methane dissociation. Hence, despite the possible deviation of the averaged plasma parameters determined using our OES diagnostics, from the real spatial and temporal distribution of plasma parameters (EVDF and electron density), the dissociation rate of hydrocarbon molecules obtained using the averaged plasma parameters is reliable.
Temporal and spatial distribution of gas temperature as well as fluxes of chemically active species
In order to determine the temporal and spatial distribution of gas temperature as well as fluxes of chemically active species from the plasma filament towards the surface of the tube, we numerically solve the equations for thermal conductivity (17) and diffusion (18) for a cylindrical symmetry (Bibinov et al., 2007; Rajasekaran et al., 2009) :
(T) -thermal diffusivity,  conduction -thermal conductivity,  -density, C p -specific heat capacity, D -diffusion coefficient.
Results and discussion
Plasma ignition and film deposition
The pulsed filamentary discharge is ignited (Pothiraja et al., 2010 (Pothiraja et al., , 2011 in the mixture of argon and methane or acetylene precursor ( figure 3) . This discharge is similar to a positive streamer discharge in argon (Veldhuizen et al., 2002) . This long filament of plasma generated along the axis of the tube during this discharge has a diameter of about 200 µm. . Emission spectrum measured using echelle spectrometer for the discharge ignited in Ar/CH 4 mixture at the middle region in between the electrodes. Discharge in Ar/C 2 H 2 mixture also shows similar emission spectrum composed of non-hydrogenated sp 2 carbon and hydrogenated sp 3 carbon with traces of O and N (see figure 6 , 7) (Murugavel & Pothiraja, 2003; Murugavel et al., 2007) . UV-Vis absorption spectra of the film deposited on inner surface of the tube also confirm the presence of doubly bonded sp 2 carbon, which are shortly conjugated. When acetylene is used as a precursor, deposited film contains sp 1 carbon in addition to sp 2 and sp 3 hybridized carbon. Presence of sp 1 carbon in the film reduces the hardness of film, because of its linear structure which cannot form two dimensional or three dimensional structural networks. However, when acetylene is used as precursor, thickness of the film deposited on inner surface of the tubes, between the electrodes is more uniform than the same when methane is used as a precursor (figure 8).
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Cross sectional images of the film deposited on quartz tube are obtained using LSM and SEM. From these images, film thickness is determined at 65 mm away from the spike (Pothiraja et al., 2009a (Pothiraja et al., , 2009b . By keeping this as reference, film thickness at various places along the axis of the tube is determined by measuring optical thickness of the film at these places on the basis of Beer-Lambert law in UV spectral range. The figure 8 shows growth rate at various places along the axis of the tube for the films deposited in Ar/C 2 H 2 and Ar/CH 4 mixtures. For these experiments, similar quantities of methane as well as acetylene are used as precursor. As the figure 8 indicates, film growth rate in the grounded region is similar in both cases, and it is higher compared to the growth rate between the electrodes. When acetylene is used as a precursor, film growth rate between electrodes is about 30 times higher than the case where methane is used as precursor. It clearly indicates that plasma chemical reactions responsible for film growth process between the electrodes are different in these two cases. However, both precursor systems show similar film growth rates in the grounded region, and it is much higher than the film growth rate between the electrodes. This difference is very dominant methane system.
In order to understand these differences in the nature of the film, growth rate and thickness profile, we characterize plasma conditions (gas temperature in plasma filament, electron density, EVDF, etc.) in both cases. Using determined plasma parameters, we calculate production rates of atoms and excited molecules, simulated fluxes of excited chemical species to the inner surface of the tube, and simulated the chemical kinetics. We correlate the differences in the chemical kinetics on the differences in the film properties. OES, microphotography, current-voltage measurements and numerical simulations are used for the characterization of plasma conditions. Since the chemical kinetics depends on plasma conditions, plasma conditions and their differences between methane as well as acetylene cases are discussed first. Following this, differences in chemical kinetics will be discussed.
Gas temperature and tube temperature
The gas temperature determined in the plasma filament with both precursors at various places along the axis of the tube is shown in figure 9 . Fig. 9 . Gas temperature in the plasma filament obtained using CN (B-X, 0-0) and N 2 (C-B, 0-0) emissions (a), and tube temperature (b) along the axis of the tube during the pulsed filamentary discharge (Ar, 99.85%; N 2 , 0.11%; CH 4 or C 2 H 4 , 0.04%; total gas flow rate, 2400 sccm)
The gas temperature in the plasma filament is about 1000 K. Although it is high ( figure 9) , duration of the discharge pulses is short: 160 ns (pulse frequency, 22 kHz). Therefore, the actual (stationary) temperature of tube will be much lower than the gas temperature in the plasma filament. The actual temperature of the tube during the discharge is measured using a thermocouple. It shows that tube temperature is less (about 330 K) close to the spike and it reaches about 400 K close to the grounded electrode ( figure 9 ). Gas flow could be one of the reasons for this trend in tube temperature, since the gas mixture at room temperature is entering the spike region and relatively hot (or warm) gas mixture is entering the region close to the grounded electrode. With these data, equation for thermal conductivity is numerically solved to simulate the gas temperature in afterglow phase with temporal and spatial resolution. The results of this simulation presented in figure 10 show that the steady state conditions in the tube will be reached after 500 pulses. It is to be noted that, as mentioned before, about 2000 filaments in series have the same profile and position. 
Plasma parameters
The reduced electric fields determined at different places along the axis of the tube during the discharge are shown in figure 11 . It reveals that the reduced electric field has the same trend along the axis of tube, when methane is replaced with acetylene. However it reduces the magnitude of field to about 500 Td (figure 11). Reason for this trend in E/N along the axis of the tube is not clear now.
This change in E/N as methane is replaced with acetylene strongly influences the EVDF, as shown in figure 12 . As a result of this, kinetics of electron impact plasma chemical reactions is not the same at different precursors as well as at different region along the axis of tubes.
As expected, difference in the reduced electric field also influences the electron density, when methane is replaced with acetylene. The electron density is almost constant in most part of the region in between the electrodes ( figure 13) . It is about 1.710 12 cm -3 to 2.810 12 cm -3 , when methane is used as precursor. However, when methane is replaced with acetylene, it is increased to about 810 12 cm -3 to 3.810 13 cm -3 . This increase in electron density could be due to the additional mechanism of acetylene ionization during Penning ionization with argon metastables. These electron densities are about two orders of magnitude lower than the related streamer discharge known in the literature (Aleksandrov et al., 1999 (Aleksandrov et al., , 2001 . This is because; we have determined the electron densities by assuming that plasma is active continuously between electrodes for all current pulse duration. In reality, the positive streamer head of length about a few mm with the diameter of about 200 µm is moving from one electrode to other electrode with the velocity of about 10 7 cm·s -1 . When this factor is considered, the electron densities determined through our method is well in agreement with the value reported in the literature for similar kind of plasma streamer. However, as discussed previously, this less temporally and spatially resolved plasma parameters will not affect considerably the determined overall plasma chemical kinetics parameters. . Electron densities determined applying optical emission spectroscopy along the axis of tube for methane and acetylene plasma system.
Chemical kinetics
As mentioned previously, electron density and electron velocity distribution function play very important role in plasma (electron impact) chemical reactions. Therefore, the change in electron density and EVDF up on changing the precursor also changes the rate of electron impact excitation processes. The rate constants for electron impact acetylene and methane dissociation, argon ionization and argon metastables formation are determined (figure 14) using the equation (15), from the known values of cross-section for the corresponding process (Ballou et al., 1973; Belic et al., 2010; Garcıa & Manero, 1998; Khakoo et al., 2004) and the determined EVDF. Electron impact dissociation rate constant of precursor molecule is higher than the electron impact ionization rate constant of argon atom (figure 14). Despite this fact, because of the higher concentration of argon than precursor in the supplied gas mixture, electron impact argon ionization rate is much higher than the electron impact dissociation rate of precursor. Since the charge exchange reactions of argon ions with hydrocarbon molecules have big cross sections (Shul et al., 1987) , mainly these reactions are involved in the ionization and dissociative ionization of hydrocarbon species. Hence, argon ions play dominant role in the acetylene and methane ionization, dissociation and consequent film deposition processes. This is in contrast to the low pressure plasma chemical kinetics, where electron impact plays dominant role in acetylene and methane ionization, dissociation and consequent film deposition processes (Behringer, 1991; Moller, 1993; Pastol & Catherine, 1990) .
Since the exact densities of various chemically active species and their diffusion coefficients are not known, methane diffusion in argon is simulated in order to have some hints about the diffusion of various chemically active species. Simulated results for methane diffusion in the figure 15 show that it takes about 10 to 20 ms for a chemically active species generated in the filament, which is approximately placed at the middle of the tube, to reach the tube surface. During this transport process, it may undergo several chemical reactions. Gas velocity is 1.4 m·s -1 for the gas flow rate of 2.4 slm. Hence, in the duration of 10 to 20 ms, neutral radicals will be moved to a distance of 1.5 to 3 cm along the axis of the tube. The next step is to find out differences in the plasma chemical reactions and their chemical kinetics between methane and acetylene cases. Since the same quantity of argon is used in both cases, a main difference on the basis of atomic composition of precursors is the following. In the case of methane, carbon and hydrogen ratio is 1:4, but it is 1:1 for acetylene. The difference in the quantity of hydrogen with respect to carbon is important for chemical kinetics. Because of small size of hydrogen atom, it has high mobility compared to all other elements in the plasma system. Second reason is that atomic hydrogen (hydrogen radical) is the most reactive part of neutral element in our plasma system. Hence a small change in the quantity of hydrogen especially with respect to carbon will have strong influence on the chemical kinetics of carbon based film growth process. The second important difference among the precursors is their reactivity. From chemical structure and bonding point of view, acetylene is more reactive than methane. This will have considerable influence on the film coating process. Acetylene is the monomer of polymer, polyacetylene. It is more prone to undergo polymerization even without plasma in the presence of catalyst. Hence under plasma conditions, it can undergo polymerization reaction leading to high film growth rate.
Other difference, which may affect the hardness of deposited film, is the hybridization of carbon in the precursor. Methane has sp 3 hybridized carbon, but acetylene has sp 1 hybridized carbon. It is well known that presence of sp 1 hybridized carbon will reduce the film hardness because of its linear structure, compared to a film composed of sp 2 and sp 3 carbon based materials. Also it is reported in the literature that methane is better precursor for hard film coating compared to acetylene (Fedosenko et al., 2001) . By considering all above stated facts (nature of the precursor, plasma conditions and film properties), the most probable reactions among others are calculated using the equation (19), from the known values of densities of argon, methane and electron, as well as rate constants of various processes determined from the plasma parameters and known in the literature (Alman et al., 2000; Baulch et al., 1994; Denysenko et al., 2004; Pitts et al., 1982; Shiu & Biondi, 1978; Sieck & Lias, 1976; Tsang & Hampson, 1986) ,
where, P is the probability, [M] is the density of reactant species (cm -3 ), and k is the rate constant (cm 3 ·s -1 ). The possible important chemical reactions for our experimental conditions are shown in the following scheme ( figure 16 and 17) . The high probable reactions among others are shown in thick arrows in the scheme. Analyses of many possible reaction under our plasma conditions indicates that argon ion formation is more probable reaction than argon metastable formation reaction in both methane as well as acetylene cases. This is because of high reduced electric field in both plasma conditions. At atmospheric pressure conditions, Ar + ion produces molecular ion, Ar 2 + through a three particles collision reaction. This is in contrast to the low pressure plasma, where the probability for three particles collision reactions is very low (Pastol & Catherine, 1990; Behringer, 1991; Moller, 1993; Bauer et al., 2005; Awakowicz et al., 2001; Horn et al., 1994) . These argon ions undergo charge exchange reaction with precursors. In the case of acetylene, it produces C 2 H 2 + . The charge exchange reaction of Ar + with C 2 H 2 is known in the literature. Even though, similar charge exchange reaction of Ar 2 + with C 2 H 2 is not known, to our knowledge; under atmospheric pressure condition, it should have similar high probability.
In the case of methane, the charge exchange reactions produce CH x + . These ions through multistep reactions lead to the formation of C 2 H 2 . This process is very efficient, and it is known in the literature that methane can efficiently be converted in to acetylene in the spark discharge under atmospheric pressure plasma conditions (Leutner & Stokes, 1961; Yao et al., 2002) . It indicates that even though it is started with methane, most of the methane will be converted in to acetylene under our plasma conditions. The acetylene produced in the methane system has high probability to undergo charge exchange reactions with argon ions to produce C 2 H 2 + , as in the case of acetylene system. This indicates that whether it is methane precursor or acetylene precursor, both lead to the formation of mainly C 2 H 2 + .
In both systems, C 2 H 2 + produces reactive species, CH, C 2 , C, C 2 H, etc., for film deposition process. The presence of reactive species, CH, C 2 and C are observed experimentally (figure 5) through their characteristic emissions in the emission spectra measured for both cases.
The reactive species C 2 H has very high probability to undergo addition reaction with hydrogen to produce C 2 H 2 (Farhat et al., 1993; Kovacs et al., 2010) . In other words, presence of hydrogen in the plasma system regenerates acetylene, and hinders the film growth process. The hydrogen quantity with respect to carbon in methane system is four times higher than the same for acetylene. This indicates that film growth hindering reaction due to the presence of hydrogen in methane system is much higher than the same for acetylene system. Hence film growth rate in methane system is very less compared to the same for acetylene system. This fact is verified by externally adding hydrogen into the acetylene system. When three molar ratio of hydrogen molecule with respect to acetylene is added into acetylene system, the film growth rate is drastically reduced compared to the acetylene system without externally added hydrogen.
In the case of methane, at steady state conditions, precursor is fully ionized and dissociated in the tube at the distance of approximately 20 mm from the spike. However, the film deposition rate has sharp maxima under the grounded area, which is at 140 mm away from the spike. The film deposited in the area between the spike and the grounded electrode has different thickness at different places, but with similar properties and components. This film is dense and amorphous; has smooth surface and low content of hydrogen. We suppose that this film is deposited during ion fluxes (Bauer et al, 2005) on the wall after ambipolar diffusion and drift. In the frame of this assumption, we can explain different observed facts such as i) higher deposition rate in the region under grounded electrode because of higher drift velocity in comparison to the velocity of ambipolar diffusion, and ii) low deposition rate near the grounded area because of high axial component of electric field in this region. The hydrocarbon film deposited in the region beyond the grounded area is differed strongly from the film deposited before and under the grounded area. This film is soft, rough and low dense. This film may be deposited by flux of neutral hydrocarbon species which are produced by collisions of hydrocarbon ions with the surface of the tube under the grounded area. The kinetic energy of these ions is high enough for their partial dissociation. The neutral hydrocarbon species formed in this process flow with gas along the tube and deposit on the wall after diffusion. The mechanism of ions transport from the spike area to the grounded area is under investigation.
Conclusion
Chemical kinetics of methane and acetylene dissociation and other gas phase reactions are studied for film coating applications under atmospheric pressure plasma conditions. In order to determine the plasma parameters, OES, V-I measurement, micro-photography and numerical simulations are used. From the determined EVDF and n e , electron impact plasma chemical reaction rates are determined. On the basis of rate of different possible reaction,
www.intechopen.com
Plasma-Chemical Kinetics of Film Deposition in Argon-Methane and Argon-Acetylene Mixtures Under Atmospheric Pressure Conditions 247 most probable reactions among others are calculated. From this information and atomic composition of precursors, film deposition rate and film properties are explained as follows, 1. Precursor molecules are ionized and dissociated mainly through charge exchange reaction of argon ions with precursor molecules. 2. Because of low quantity of hydrogen in acetylene, C 2 H species dominates in the film deposition process, which facilitates the incorporation of sp 1 carbon in the film. 3. Presence of high quantity of hydrogen in methane facilitates the regeneration of acetylene from the reactive species C 2 H; thus reducing film growth rate in methane plasma system in the region between electrodes. 4. Hydrocarbon ion fluxes plays dominant role in methane system, which is responsible for high growth rate in the grounded region. From this study, it can be concluded that atomic composition between carbon and hydrogen in the precursor plays very important role in carbon based film deposition process. Presence of atomic hydrogen in the plasma system improves the film hardness, but in the expense of film growth rate.
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